Objective: To examine the neurobiological basis of bingeing-related eating disorders using an animal model system. Design: Sprague-Dawley pups were separated from dam for 3 h daily during the first two weeks of birth (maternal separation (MS)), or left undisturbed (non-handled (NH)). Pups were subjected to repeated fasting/refeeding (RF) cycles; that is, 24 h food deprivation and 24 h RF (NH/RF or MS/RF), or had free access to food and water (NH/fed control (FC) or MS/FC) from postnatal day (PND) 28-40. Measurements: Body weight gain and food intake were recorded. The arcuate expression of neuropeptide Y (NPY) and plasma corticosterone levels were analyzed on PND 29 and 40. Results: Decrease in weight gain by repeated fasting/RF cycles was smaller in MS pups than in NH. Interestingly, weight changes responding to fasting or RF increased in MS/RF compared with NH/RF. Compensatory hyperphagia was diminished in NH/RF after the third fasting trial, but persisted in MS/RF throughout the experimental period. The arcuate expression of NPY mRNA responding to food deprivation was blunted, but elevation of plasma corticosterone exaggerated, in the MS group, compared to the NH group, on PND 29 after the first fasting session. However, both the arcuate NPY mRNA and plasma corticosterone levels were increased in MS/RF, but not in NH/RF, on PND 40 after the six sets of fasting/RF cycles, compared to the free FC groups. Conclusion: Experience of neonatal MS may lead to an exaggerated feeding response to repeated fasting/RF challenges at adolescence, perhaps, due to increased responsiveness of the hypothalamic-pituitary-adrenal gland axis. Additionally, the results suggested that an increased action of the hypothalamic NPY may not be necessary to induce compensatory hyperphagia following food deprivation.
Introduction
Experience of childhood abuse is prevalent among patients with eating disorders, 1 and dysfunction of the hypothalamic-pituitary-adrenal gland (HPA) axis is implicated in the pathogenesis of eating disorders. [2] [3] [4] Neonatal maternal separation (MS), an animal model of stressful experiences in childhood, can permanently modify the characteristics of HPA axis in the offspring. [5] [6] [7] [8] Glucocorticoids, stress hormones released by activation of the HPA axis, are known to be involved in the regulation of energy balance, 9, 10 and some of the central effects of glucocorticoids are believed to be mediated by hypothalamic neuropeptides. 11, 12 It has been reported that experiences of repeated MS during pre-weaning period increase the hypothalamic level of neuropeptide Y (NPY) in rats later in life. 13, 14 NPY, a potent orexic peptide, stimulates feeding. [15] [16] [17] Several results suggest that glucocorticoids regulate the hypothalamic NPY expression: adrenalectomy downregulates the expression of NPY gene in the hypothalamus; 18 NPY neurons in the hypothalamic arcuate nucleus contain glucocorticoid receptors 19 and elevated plasma corticosterone appears to be necessary for fastinginduced increase in NPY mRNA expression. 20, 21 These reports led us to hypothesize that neonatal MS may lead to development of eating disorders in the offspring later in life, possibly, due to altered HPA axis characteristics modulating the hypothalamic expression of feeding peptides.
We have previously reported that the hypothalamic NPY expression responding to food deprivation was blunted in adult rats that experienced MS during pre-weaning period, and the blunted response of NPY expression was accompanied with a blunted response of plasma corticosterone to fasting. 22 Rats that experienced neonatal MS also showed depression-and anxiety-like behaviors with alterations in the brain serotonergic system. 23 Patients with eating disorders often exhibit symptoms of depression and/or anxiety, and serotonergic dysfunctions have been suggested to be implicated in the pathophysiology of eating disorders. 24, 25 These data suggest that our model of neonatal MS could be useful in defining the pathophysiologic mechanism underlying eating disorders. In this study, the hypothalamic NPY expression and the plasma corticosterone levels responding to repeated fasting/refeeding (RF) challenges were examined in adolescent rats that experienced neonatal MS, especially because the symptoms of eating disorders mostly start with dieting and because the incidence of eating disorders is higher among adolescents and youth. 26 A history of dieting and overeating is thought to contribute to future binge eating in some people, 27 and stressful events early in life have suggested to increase vulnerability to the development of bingeing-related eating disorders in humans. 28, 29 The present study will advance our knowledge on the neurobiological basis of bingeing-related eating disorders.
Methods

Animals
Sprague-Dawley rats were purchased (Samtako Bio, Osan, Republic of Korea), and cared in a specific pathogen-free barrier area with constant control of temperature (22 ± 1 1C), humidity (55%) and a 12-12 h light/dark cycle (lights-on at 0700 hours). Standard laboratory food (Purina Rodent Chow; Purina Co., Seoul, Republic of Korea) and membrane-filtered purified water were available ad libitum. Animals were cared according to the Guideline for Animal Experiments, 2000, edited by the Korean Academy of Medical Sciences, which is consistent with the National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals, revised 1996. All animal experiments were approved by the Committee for the Care and Use of Laboratory Animals at Seoul National University. Nulliparous females and proven breeder males were used for breeding in the laboratory of the animal facility, and the pups were reared in a controlled manner to minimize and standardize unwanted environmental stimulation from in utero life. At 12 h after confirming delivery (postnatal day (PND) 1), pups were culled to five males and five females per litter. Each litter was assigned either for the MS group or for the non-handled (NH) group. The MS group was removed from their dam and home cage, and placed closely together in a new cage bedded with woodchips for 180 min, and then returned to their home cage and dam. No additional treatment to keep the pups warm during the separation period, other than placing them closely together, was offered; that is, pup cooling during MS was expected. MS was performed during 0900-1200 hours daily from PND 1-14, and then the pups were left with their dam undisturbed until weaning on PND 22. The NH group remained undisturbed until weaning except for cleaning the cages. Four male pups from each litter were used for this study and the remaining were excluded. On the day of weaning, four male pups were randomly selected from each litter and two pups were placed together in each cage. Two pups in one cage were subjected together to repeated fasting/RF cycles; that is, a 24-h fasting followed by a 24-h RF repeatedly from PND 28-40, and the remaining two pups in another cage remained with free access to chow as the fed control (FC) group. The RF groups (NH/RF or MS/RF) were deprived of food, but not water, for 24 h every other day from 0900 hours; otherwise had ad libitum access to chow and water during RF days. The FC groups (NH/FC or MS/FC) received free access to chow and water for the whole experimental period. Pups in the NH/RF and MS/RF groups were killed on PND 29 after the first fasting day or PND 40 after the sixth RF day. NPY mRNA expression levels in the arcuate nucleus were determined with in situ hybridization technique and the plasma corticosterone levels with a radioimmunoassay method. Pups in the NH/FC and MS/FC groups were killed at the same time points with the RF groups and analyzed in parallel.
In situ hybridization Rats (n ¼ 6 on PND 29 and n ¼ 12 on PND 40; total 72 rats) were anesthetized with an overdose of sodium pentobarbital. Once unresponsive, transcardiac perfusion was performed with heparinized isotonic saline (0.9% NaCl and 0.5% NaNO 2 ) followed by ice-cold fixative (4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.2). Brains were rapidly dissected, blocked and post-fixed in the same fixative for 3 h, and then transferred into 30% sucrose solution for 24 h for cryoprotection. Coronal sections (40 mm) were cut on a freezing sliding microtome (MICROM Laborgeräte, Walldorf, Germany). Every third sections through the rostral-caudal extent of the hypothalamus (between bregma À1.80 and À3.80 mm) 30 were collected into 20 ml glass scintillation vials containing ice-cold 2 Â SSC (0.3 M NaCl and 0.03 M sodium citrate). The SSC was pipetted off, and the sections were suspended in 1 ml of prehybridization buffer (50% formamide, 10% dextran sulfate, 2 Â SSC, 1 Â Denhardt's solution, 50 mM dithiothreitol and 0.5 mg/ml denatured herring sperm DNA), incubated for 2 h at 48 1C.
In situ hybridization was performed with radioactively labeled cDNA probes of NPY (0.5 kb EcoRI restriction fragment) 31 as we previously described. 32 The tissue sections were then mounted on gelatin-subbed slides, air-dried and apposed to Kodak BioMax film (Eastman Kodak Co., Rochester, NY, USA) at 4 1C. Exposure times varied from 12 to 48 h to obtain autoradiographic images within a linear range of optical density after development in Kodak D-19 developer (Eastman Kodak Co.). Figure 1 shows daily weight loss and gains of the NH/RF and MS/RF groups on each fasting or RF day. Interestingly, both body weight loss by 24 h of fasting and gain by 24 h of RF appeared to be increased in the MS/RF group during repeated fasting/RF cycle. That is, weight loss of MS/RF group (Figure 2 ). Plasma corticosterone level and the arcuate NPY expression were measured on PND 29 after the first fasting trial and PND 40 after six sets of fasting/RF cycle when all pups were satiated. Plasma corticosterone levels were markedly increased by 24 h food deprivation in both the NH (Po0.05, NH/FC vs NH/FD) and MS groups (Po0.001, MS/FC vs MS/ FD); however, the increase was bigger in MS pups than in NH pups (Po0.05, NH/FD vs MS/FD) revealing that the corticosterone response to fasting may be increased in MS pups (Figure 3a) . Basal level of plasma corticosterone of NH/RF pups on PND 40 did not differ from its free FCs NH/FC, but of MS/RF pups was higher than MS/FC (Po0.05) (Figure 3b ). NPY mRNA expression in the arcuate nucleus of NH pups increased significantly after the first 24 h fasting, compared 
Discussion
Rats display compensatory hyperphagia when food is returned with ad libitum access following food deprivation.
In this study, both the NH/RF and MS/RF groups consumed significantly increased amount of food on PND 30 when they had food returned following the first 24 h of food deprivation, compared to their age-matched free FCs. However, compensatory hyperphagia responding to 24 h of food deprivation diminished after the second fasting/RF cycle in the NH/RF group, but persisted significantly in the MS/RF group throughout the whole experimental period. It has been suggested that repeated weight cycling (or fasting/ RF cycling) may reduce metabolic rate and, consequently, have a reduced need for energy intake. [33] [34] [35] These reports support the idea that diminished hyperphagia in NH pups with repeated fasting/RF cycles may be due to a reduced metabolic rate and experience of neonatal MS may affect the metabolic adaptation to repeated weight cycling. Further studies are required to determine whether NH pups show lower metabolic rate than MS pups per se after repeated weight cycles. NPY potently stimulates food intake, [15] [16] [17] food deprivation increases the hypothalamic mRNA expression and release of NPY, 31, [36] [37] [38] and increased expression of the hypothalamic NPY appears to be implicated in the induction of hyperphagia. 39, 40 These reports support the idea that increased expression of NPY in the arcuate nucleus of NH/RF pups responding to the first fasting trial on PND 29 might have contributed, at least partly, to the compensatory hyperphagia on PND 30. However, MS/RF pups also showed compensatory hyperphagia on PND 30 in spite of blunted response of the arcuate NPY expression to fasting on PND 29. In this study, plasma corticosterone levels increased both in the NH/RF and MS/RF groups after the first fasting trial, in accordance with previous reports that food deprivation elevates the plasma level of corticosterone. 21, [41] [42] [43] Adrenal glucocorticoids, corticosterone in rodents, have been implicated in the regulation of energy homeostasis 9,10 and centrally administered glucocorticoids increase food intake and weight gain in rodents. 12 Thus, it is concluded that elevated plasma corticosterone during the first fasting trial on PND 29 might have contributed to compensatory hyperphagia not only in the NH/RF group but also in the MS/RF group on the following day. Also, it is suggested that increased expression of the arcuate NPY mRNA may not be necessary to induce compensatory hyperphagia following food deprivation nor for the orexigenic action of corticosterone. It should be noticed that 24 h of food deprivation on PND 29 elevated the plasma level of corticosterone further in MS pups than in NH pups. Moreover, basal plasma level of corticosterone was significantly elevated in the MS group on PND 40 after the six sets of fasting/RF cycle, but not in the NH group. Plasma level of corticosterone, a stress hormone released by activation of the HPA axis, is elevated by food deprivation. 21, [41] [42] [43] It has also been reported that repeated MS during pre-weaning period increases the HPA axis activity responding to stressful stimuli later in life. 5, 8, 44 Thus, it is plausible that the plasma corticosterone level of MS rats may Maternal separation and feeding response V Ryu et al increase chronically with repeated fasting/RF challenges, likely, due to an increased responsiveness of the HPA axis activity to food deprivation stress by experience of neonatal MS. Interestingly, the arcuate NPY level of satiated MS/RF group was increased concomitantly with the plasma corticosterone level after the six sets of fasting/RF cycles, whereas neither NPY nor plasma corticosterone increased in satiated NH/RF rats. It has been suggested that plasma corticosterone is implicated in the hypothalamic NPY expression. [18] [19] [20] [21] Taken together, it is concluded that a chronic increase in plasma corticosterone in MS/RF rats during the repeated fasting/RF cycles might have contributed to a tonic increase in NPY expression, and the increased plasma corticosterone and NPY expression by repeated fasting/RF cycles may partly be in charge of the sustained compensatory hyperphagia in the MS/RF group. Previous reports have suggested that elevated plasma corticosterone may be necessary for fasting-induced increase in NPY mRNA expression. 20, 21 However, in this study, NPY expression in the arcuate nucleus of MS pups was not increased by 24 h food deprivation on PND 29 despite the significant elevation of plasma corticosterone, in contrast to the NH pups showing fasting-induced increases not only of the plasma corticosterone but also of the arcuate NPY. Thus, it is suggested that elevated plasma corticosterone, although it may be necessary, may not be sufficient to increase the arcuate NPY expression during food deprivation. We do not currently understand the underlying mechanisms by which experience of neonatal MS blunts NPY expression responding to acute food deprivation in adolescent rats. In this study, body weight gain of MS pups that experienced MS during PND 1-14 tended to be increased during PND 28-40 compared with NH pups, but a statistical significance was found only on PND 37. Previous studies have reported that MS during pre-weaning period slightly suppresses body weight gain of the offspring shortly after the separation period, but thereafter MS males tend to be heavier than NH males without statistical significances. [45] [46] [47] Thus, it is suggested that neonatal MS may not permanently affect body weight gain as long as the offspring undergoes free feeding ad libitum. In this study, both the NH and MS groups showed a marked weight loss by repeated fasting/RF cycles, in accordance with previous reports that 24 h of fasting and 24 h of RF cycles led to a significant suppression in weight gain. 33, 34, 48, 49 However, total weight loss after the six sets of fasting/RF cycle was significantly reduced in the MS group compared to the NH group, likely due to the fact that MS pups gained more weight than NH pups on each RF day. Interestingly, MS pups appeared to lose more weight than NH pups during food deprivation, although it was less significant compared with increased weight gain on each RF day. Present results suggest that experience of repeated MS during pre-weaning period may lead to an exaggerated response to caloric challenges in weight gain of the offspring later in life.
In summary, feeding response to repeated fasting/RF cycles was increased in adolescent rats by experience of neonatal MS. The arcuate NPY expression responding to acute fasting was blunted in MS pups; however, a tonic increase in the arcuate NPY level appeared to be developed by repeated fasting/RF cycles during adolescent period. Elevation of plasma corticosterone responding both to acute fasting and to repeated fasting/RF cycles was exaggerated in those adolescent MS rats. It is concluded that experience of neonatal MS may lead to an exaggerated feeding response to repeated fasting/RF challenges at adolescence, perhaps, due to increased responsiveness of the HPA axis. Additionally, the results suggested that an increased action of the hypothalamic NPY may not be necessary to induce compensatory hyperphagia following food deprivation. The present model, that is, neonatal MS and repeated fasting/RF cycles, may be useful in analyzing the pathophysiological mechanism underlying bingeing-related eating disorders. Currently available animal models of bingeing-related eating disorders are isomorphic, sharing the common feature of binge episodes that occur repeatedly over extended periods of time, but vary in their similarities to human disordered binge-type eating. 50 For an example, Corwin model with limited access to forbidden food 51 is relevant to bingeing in the absence of hunger in humans. 52 The present model may have specific relevance to the hypersensitive response of the HPA axis in patients with bingeing-related eating disorders, 4, 53 which is associated with childhood trauma. 54 
